A review of morphological and morphodynamic studies of the coast of the Kaliningrad oblast has been carried out for half a century. The studies include monitoring measurements by the Atlantic Branch of the Shirshov Institute of Oceanology of the Russian Academy of Sciences (AB IO RAS) with the participation of the state institute Baltberegozashchita (BBZ), as well as pre-war studies and cartographic analyses of long-term coastline migration carried out by the private company Baltic Aerogeodetic Enterprise (BaltAGE). It shows the spatial alternation of abrasive and accumulative areas, as well as frequent changes in beach width and height within the same morphological coast type. A change in the development trend of particular coast sections from year to year was noted. The significant influence of anthropogenic factors on the coastal development was emphasized, including changes in the direction of coastal retreat/advance along an extensive coastal stretch. Comparison of the interannual and nearly century-old dynamics of the coast revealed noticeable differences between them, with opposite trends in several large-scale coast sections.
Introduction
The southeast of the Baltic Sea is an area of intensive maritime traffic and industrial development. This coast is distinguished by a high population density, developed coastal infrastructure, and a variety of hydraulic and shore protection structures. It has also a considerable recreational potential due to the great number of sandy beaches and mild climate. Every year it is visited by millions of holiday-makers and tourists.
Simultaneously with the active anthropogenic pressure, the coastline of the southeast Baltic area is adversely affected by natural factors. On the one hand, the southeast coast located on the slope of the Polish-Lithuanian syneclise is prone to isostatic subsidence (1-2 mm/year), and taking into account the eustatic sea level rise of 1-2 mm/year, the total sea level rise reaches 3-4 mm/year (Safyanov 1978 , Living 2004 . On the other hand, intensified storm activity (BALTEX 2006 , Beniston et al 2007 , Różyński 2010 has been accompanied by powerful surge events reaching 1.3-1.8 m on the east coast of the Baltic Sea (Knaps 1972 , Reference book 1973 , Ryabkova 1987 . As a result, the coast of the southeast Baltic area, composed of friable glacial deposits, is subject to increasing wave abrasion, which also extends to previously accumulative areas (Aybulatov 1989 , Bird 1990 , Zhindarev et al 1998 , Orlenok et al 2004 . At the same time, deflation processes are activated on the spits, especially in areas of increased recreational pressure (Boldyrev and Bobykina 2008, Burnashov and Karmanov 2016a, b) .
The morphological classification of this coast and its differentiation according to the long-term rate and direction of coastal retreat/advance is one of the prerequisites for developing a coastal protection strategy, especially for the most vulnerable and valuable coastal areas.
The present article summarizes the results of morphological and morphodynamic studies performed by Russian scientists over the past 55 years (Sheme 1999) and by German scientists in the prewar period (Ryabkova, Levchenkov 2016) , the cartographic analysis carried out by BaltAGE for the period of 1934 -2015 (Atlas 2016 , Drobiz, Bobykina 2018 , as well as the results of our own coast surveys and measurements of beach parameters.
Study Area
The Kaliningrad coast is located in the southeast of the Baltic Sea and includes an elevated block of the Sambian Peninsula shooting forth into the sea and the associated accumulative relief forms: the Curonian Spit (99 km) and the Vistula Spit (60 km). The northern part of the Vistula Spit (25 km) and the southern part of the Curonian Spit (49 km) are located within the Kaliningrad oblast. The bedrock coast of the Sambian Peninsula accounts for 73 km: 36 km of the west coast and 37 km of the north coast. The total length of the sea coast is 147 km (Fig. 1) .
Formation of the Southeast Coast of the Baltic Sea
The melting and retreat of the last glacier resulted in formation of a hilly-flat relief type with widespread moraine and fluvioglacial unconsolidated sediments. From the early Littorina age (8000 years ago), North Sea waters flowed through the Danish straits into the Baltic Sea, which contributed to a rapid sea level rise, erosion, and coast retreat. It was at that time that the main outlines of the Baltic Sea coast were formed (Gudelis 1976) . Abundant abrasive material served as a building material for underwater banks that formed between moraine remnants (Badyukova et al 2006, Boldyrev and . During the Littorina regression and the subsequent Limnia Sea stage (4200-4500 years ago), the sea level decreased (Gudelis 1976 , Zhindarev and Morozova 1979) . Underwater bars came to the surface as the Hel, Vistula and Curonian spits, and so did a number of smaller bars in the southeastern Baltic area, thus creating a chain of coastal lakes.
However, occasional extreme level surges continued to break through narrow and low sections of the spits, which had not been completely formed.
Historical chronicles of the last 1000 years have recorded repeated breaks through the body of the Vistula and the Curonian spits during extreme storms, accompanied by formation of stable straits in different areas (Fig. 2a) . Disastrous erosion of the body of the spits and sea water incursions into lowlands, and even into the lagoon, also happen today, which is related to storm intensification (Fig. 2b) .
Over the past 55 years, 12 extreme storms have been recorded (in 1962, 1967, 1971, 1975, 1981, 1983, 1990, 1991, 1997, 1999, 2007, and 2012) .
Methods of Shore Research
A survey network of stationary shore observation points was created in 1975 by the Coastal Engineering Protection Bureau (CEPB). In 1990, it was renamed to Baltberegozashchita (BBZ). An updated and more extensive stationary network, consisting of 290 coast benchmarks at 500 m intervals covering the entire 147 km coast of the Kaliningrad oblast was created by Baltberegozashchita in 2007 (Burnashov 2010a) . Lines of altitude profiling of beach and foredunes as well as echo-sounding lines are linked to these benchmarks. Annual measurements are carried out on one of the selected coastal sections during the quiet summer period. Due to limited staffing and funding, the entire coast can be covered by the measurements only once in 2-3 years. In addition, specialists inspect the condition of the coast and shore protection structures after extreme storms. BBZ has also used an airborne laser scanning method to assess the spatial dynamics of particular coast sections.
In 2002, AB IO RAS established its own network of 70 stationary coast benchmarks located on typical morphodynamic sections of the sea and flood coast, covering the Russian part of the Vistula and Curonian spits and the entire Sambian Peninsula (Fig. 3) . Altitude profiling of beach and foredunes is carried out annually on the spits and accumulative sections of the Sambian Peninsula. The distance from a benchmark to the upper edge of the cliff is measured on abrasion sections of the Sambian Peninsula, and the displacement of the upper bend (edge) of the seaward slope of the foredune is assessed on accumulative shores .
Since 2018, AB IO RAS has initiated morphometric measurements of the entire coast of the Kaliningrad oblast at an interval of 1 km along the coast. A cartographic estimate of the coastline displacement between 1934 and 2015 was made by comparing the position of the sea shoreline according to gradations of 25 m with an error of ±15 m (Atlas 2016).
Morphology and Dynamics of the Kaliningrad Coast
The winding coast outline, typical of the Kaliningrad coast, is due to the Sambian Peninsula running out into the sea with a sharply reversed coastline near Cape Taran and arc-shaped spit-bars adjacent to the bedrock coast (see Fig. 1 ). Closer to the Vistula and Curonian spits, the bedrock coast with boulder moraine loams is replaced by sands forming foredunes with a prevailing height of 5-8 m.
To obtain a systematic picture of the changing coastal morphology, it was described from south to north, from the Polish to the Lithuanian border. The entire coast is divided into 4 sections with different shore expositions: the Vistula Spit, the west and north coasts of the Sambian Peninsula, and the Curonian Spit.
Vistula Spit
The Vistula Spit is shaped as a shallow arc, 65 km long. It is an accumulative form (Zenekovich 1962) nourished with alluvium from the Vistula and abrasion material from the west coast of the Sambian Peninsula (Boldyurev 1992) . The Vistula Spit is composed of sand. However, there are also moraine loams and peatlands widely scattered near the surface , which proves that glacial sediments were involved in spit body formation. This is evidenced by the varying width of the spit: 1.9 km-0.7 km on the Polish side and from 1.5-1.8 km to 0.7-0.5 km in the Russian part of the spit. The highest sand ridge (38 m) and the most developed foredunes are located near the border (Fig. 4a) . Towards Baltiysk, their height tends to decrease from 7-8 m to 4-6 m and substantially decreases near the Baltic Strait (Fig. 4b) .
On the seaward slope of the foredune, thickets of bushes alternate with bare spots, indicating that the base is periodically undermined during autumn-winter storms. Abrasive areas (scarps) generally extend from the base to the top of the dune; it is only on massive dunes with a gentle slope that they cover only the bottom part. from the border further towards Baltiysk, their number increases, which is especially noticeable in areas of intensive beach recreation. It was found that the anthropogenic factor intensifies deflation processes in comparison with the abrasive impact of waves alone (Burnashov and Karmanov 2016 ).
An aeolian pillow, 5-8 m wide and up to 2 m high, is occasionally formed at the foot of the foredune during calm wind periods. It quickly overgrows with beach grass in stable accumulative areas and evolves into a young foredune influenced by aeolian processes. Under the deficiency of sediments, this landform is unstable and it is completely eroded during storms. No aeolian pillow is observed on the northern tip of the spit.
The sandy beach is mostly single-slope in the quiet summertime period; it is double-slope in the broad sections, with a bar on the shoreline and a hollow in the middle, often accompanied by wind ripples. The bar is missing in certain spots, or there is an eroded cliff formed by rougher waters. The width of the beach along the entire coast is generally 40-50 m, but reaches 55 m in the middle, accumulative part and sometimes narrows to 35 m closer to the tip and to 20-25 m near the pier. The height of the back part of the beach varies from 1.7 m to 4.1 m. There is a direct correlation between the beach width and height. The maximum beach heights (2.6-4.1 m) are concentrated in the center of the Russian part of the spit, whereas the smallest heights occur at its both extremities. Increased heights are confined to aeolian inflation areas at the base of foredunes.
In post-storm periods, the coastline is often modified by cusps of various sizes combined with smoothly alternating bends of the coastline. The coastline is smoothed during wave disturbance, but these forms appear again with weak waves.
The dynamic regime of the Russian sea coast of the Vistula (Baltic, 25 km) Spit is generally assessed as stable. It is only a 3 km long stretch adjacent to Baltiysk that is characterized by sustained abrasion (Boldyrev and Ryabkova 2001, Orlenok et al 2004) . However, cartographic and satellite studies, as well as recent monitoring, have shown a spatial and temporal unevenness of the dynamics of the coast and a 22 km stretch . A detailed field survey in 2018 showed the alternation of local accumulation areas and abrasion cliffs, with a predominantly stable state from km 1 to km 5 from the border, erosion from km 8 to km 15, accumulation from km 16 to km 20, and the maximum erosion from km 22 to km 25. By visual estimates, 44% of the shore appears to be stable or accumulative, whereas 56% is subject to abrasion. The data obtained by Polish researchers also indicate the stability of the coast position in the central part of the Vistula Spit, with a coastline migration within the range from −0.2 to +0.4 m/year on average (Zawadzka-Kahlau 2012, Ostrowski et al 2014) .
Comparison of the coastlines in 1934 and 2010 based on maps at a scale of 1 : 25000 revealed a similar spatial alternation of trends in the dynamics of the Russian coast of the Vistula Spit. Over the 80-year period, the coast advanced (up to 25 m, 0.30 m/year) along the 6 km stretch north of the border, it retreated (25-100 m, 0.5-0.9 m/year) along the next 12 km stretch (km 6-km 18), then accumulation took place over a distance of 4 km (25-50 m, 0.5 m/year), and then an increasing abrasion occurred, ranging from 25-50 m (0.5 m/year) within 3 km from the pier to a maximum of 50-250 m (0.9-1.9 m/year) as we move further towards the pier root. The total length of accumulative and stable sections (from km 0 to km 6 and from km 18 to km 22) is 10 km (40%), whereas abrasion sections are 15 km long (60%) (Atlas 2016). (Bobykina et al 2016) . In the middle part of the spit (5 amv-6 mv, from km 15 to km 19), stable accumulation was recorded (up to 1.2-2.0 m/year) between 2002 and 2015, though there is a stable erosion area, with a maximum (up to 0.7-2.0 m/year) further north, near Baltiysk (6amv-1p, from 20 to km 25) (Fig. 5a) .
The results of the long-term measurements performed by AB IO RAS show that 60% of the south Russian coast of the Vistula Spit was dynamically active, with a wide range of migration rates (0.7-0.9 m/year), but it was stable on a multi-year scale. The coastline between km 15 and km 19 from the border steadily advanced (20%), while the northern part (km 20-km 25) constantly eroded (20%), especially near the strait.
According to the 10-year monitoring data of AB IO RAS -BBZ (2000 -2010 , accumulation shifted to the southern part of the spit (km 0-km 7), with the foredune foot advancing by 0.75 m/year (Burnashov 2011a ). This was followed by an alternation of abrasion (km 8-km 14) and stability (5 mv-6 mv, km 15-km 17), whereas sustained abrasion started from km 18, with a maximum of 2.0 m/year near Baltiysk (Fig. 5b) . Negative dynamics of the coast were generally observed, with a slight retreat along a 22 km stretch in the south (0.23 m/year) and up to 1.2 m/year along the remaining 3 km in the north (km 22-km 25) (Burnashov 2011a). The opposite trends of costal dynamics in the central Russian part of the spit revealed by cartographic analysis (abrasion) and monitoring (accumulation or stability) is most likely related to the use of different time scales in determining the coastal dynamics. It is known that the impact of a single heavy storm can significantly change the coast outline, especially when comparing the changes of the coastline position of two years -one with increased storm activity and the other with weak winds. The annual monitoring data of AB IO RAS (see Fig. 5a ) show that it is not only the rate of coastal retreat/advance that changes, but also its direction. However, over one century, the interannual fluctuations of the coastline have been evened out, and the resulting estimate indicates a long-term trend in coastal development. If the interannual and secular trends coincide, we can safely assume that the given part of the coast is accumulative or that it is abrasive.
These are the coastal areas adjacent to the south and north piers of Baltiysk. After the repair and extension of the south and north piers in 1887, erosion intensified in the southern reentrant angle, while accumulation was noted in the north. The steady dynamics in these areas are a clear indication of significant anthropogenic impact on the course of natural processes. This is due to the impact of the piers on coastal hydrodynamics, that is, on the formation of local surges and circulation in reentrant angles, which carry material away if sediments are deficient or fill the reentrant angle if the sediment balance on the submerged slope is positive (Babakov 2008) .
Active abrasion in the reentrant angle of the south pier of Baltiysk resulted in an almost complete destruction of a fortress built in 1869 (Fig. 6a) , washout of the beach and the foredune (see Fig. 4b ), and flooding of the adjacent village (see Fig. 2b ). The abrasion rates are maximal for the coast at the south pier, amounting to 0.7-1 m/year (Ostrowski et al 2012) or as much as 1.9 m (Atlas 2016) or 2-3 m/year (Bobykina and Karmanov 2009 , Burnashov 2011a according to various estimates. Judging by the fact that whole bricks from the destroyed fortress were carried to the south and beached, the strong influence of the south pier on the coastal hydro-morphodynamics can be traced over at least 3-4 km to the south. Comparison of the coastline position south of the Baltiysk piers between 1903 and 1986 based on maps at a scale of 1 : 25 000 shows a steady coastal retreat at a rate of 0.36-0.69 m/year (Table 1) , which is noticeably less than the monitoring data and cartographic estimates for the period from 1934 to 2015. This is probably related to the intensification of storm activity in recent decades.
South of the pier, the erosion of the coast gradually decreases, as evidenced by the position of concrete pillboxes, built before the war on top of the foredune, which slide towards the shoreline, (Fig. 6b) . The first pillbox, located 1.2 km south of the pier, has shifted by at least 60-65 m in 75 years (0.8-0.85 m/year). A more distant pillbox (2 km from the pier) has shifted by only 25-30 m, that is, by 0.35-0.40 m/year, towards the base of the dune. As we move further south, the erosion of the coast ceases within 3-3.5 km from the pier and we could find aeolian pillows at the base of the foredune, that is the evident of a stable shore. The opposite process can be observed on the north side of the piers over the course of the 83 years, the coastline advanced at a rate of up to 0.90 m/year (Table 1) . On the other hand, during the 175 years from 1840, when the north pier was built, the coastline advanced by about 400 m, which means that the rate of coastal buildup was more than 2.3 m/year on average during filling the reentrant angle. Thus, the Russian coast of the Vistula Spit has been exposed to multidirectional, sometimes substantial, migrations, not only post-storm, but also perennial ones. The coast is exposed to erosion and retreats at some times, but it can advance in the following period. There is also an alternation of accumulation and erosion areas along the coast. On a climate time scale (80 years), 4 areas of multidirectional dynamics can be distinguished: insignificant accumulation along the 6 km stretch north of the border (from km 0 to km 6) and between km 18 and km 22, and abrasion between these areas (from km 6 to km 18 and from km 22 to km 25). Whereas in the first three stretches, erosion tends to alternate with accumulation on an interannual scale, the northernmost 3 km stretch of the Vistula Spit is subject to sustained erosion. Over the 80 years, accumulative coastal areas advanced by 10-35 m, abrasion ones retreated by 20-55 m, and erosion of the coast between km 1.5 and km 2 from the strait resulted in a retreat of 110-130 m (Atlas 2016). Within these large-scale areas, shorter stretches with alternating dynamics can be distinguished, which was observed during the quiet summer period of 2018. The changing direction of coastal dynamics is most likely due to the variable and heterogeneous parameters of storm waves, to varying sediment thickness on the submerged slope, and to annual fluctuations in storm activity. It is only in the vicinity of the entrance piers of Baltiysk, that the coastal dynamics are stable: erosion within 3 km south of the pier and accumulation north of the pier.
This confirms the significant impact of the anthropogenic factor on the pace and direction of coastal development (Burnashov and Karmanov 2016 a).
Sambian Peninsula

Morphology
The Sambian Peninsula is an elevated block composed of Caionozoic rocks covered by loose glacial deposits, and it is therefore largely surrounded by abrasion cliffs. The height of the cliffs gradually increases from south to north, from 5-8 m at Baltiysk to 40-50 m at Cape Taran, and then decreases again to the east of the cape, reaching 5-6 m at the Aleyka River.
Most of the cliffs on the west coast ceased to collapse, which is due to the massive discharge of pulp from an amber factory and to the overlapping of their base by sand beaches. The cliff remains active only along the northern 5 km stretch from Cape Bakalinskiy to Cape Taran and further east to the Aleyka River. The collapse process is slowed down at sites where shore protection walls have been built, but it has not been completely stopped, because of the inappropriate method of shore protection and the eroding action of groundwater.
The coast of Sambia is composed mainly of quaternary moraine loams with inclusions of pebbles and boulders and clays with sand lenses. Here and there one can see outcrops of tertiary sands and sand clays. Moraine outcrops form the capes (capes Okunyovskiy, Obzorniy, Bakalinskiy, Taran, Kupalniy, Gvardeyskiy). There are clusters of boulders and masses of rock washed out of the moraine in front of them. Concavities (Okunyovo, Pokrovsk, Sinyavino, Donskoye, Filino, Svetlogorsk, Pionerskiy, Zelenogradsk) have developed in areas with outcrops of tertiary sands and sandy-argillaceous water-glacial deposits (Boynagryan 1966 , 1969 , Ryabkova 1987 .
With the transition from capes to concavities, the sides of the underwater slope change, and so do the composition and width of their beaches. Cape beaches are composed mainly of gravel-pebble and boulder-block material, and they are up to 10-15 m wide. Bay beaches, on the other hand, expand up to 40-50 m, occasionally reaching 100 m, and are mainly composed of sand fractions, sometimes including pebble and gravel (Boynagryan 1966) .
West Coast
In morphological terms, the west coast of the Sambian Peninsula differs markedly from the north coast. This is partially due to differences in their exposure and hydrogeological structure, but mainly to the enormous volume of loose material dumped into the sea by the amber factory. During the period of field development of amber deposits from the late 19 th century to the late 20 th century, 85 million m 3 of overburden rocks were dumped into the coastal zone . However, since the early 21 st century, the pulp discharge has practically ceased, which resulted in the replacement of accumulation processes by abrasion, primarily on previously formed pulp discharge cones and adjacent beaches. Nevertheless, the beaches are preserved due to the plentiful reserves of sand.
The southern 10 km stretch of the west coast is represented by a sandy beach and a steady foredune, which is an indicator of prevailing accumulation processes (Bobykina and Karmanov 2009 , Atlas 2016 (Fig. 7a) . In terms of its geological structure (Ryabkova 1987) , lithology of coastal sediments, and morphology, it is an extension of the Vistula Spit, cut off from the main southern part by the Baltic Strait. The accumulative coast joins the main bedrock sea cliff at a distance of 10 km from the strait. Further on, over a distance of 21 km from Cape Tankitino to Cape Bakalinskiy, the cliff is stabilized by a wide beach and foredunes formed of waste material from the amber plant at its base. Abrasion areas are typical only of Cape Okunyovskiy, Cape Peschaniy, and the coast from Cape Bakalinskiy to Cape Taran.
According to a survey conducted in 2018 at the stretch from Baltiysk to Tankitino, the beach is 25-35 m wide; it widens at the centres of Okunyovskaya and Pokrovskaya bays to 50-90 m, occasionally up to 120 m. There are previously formed dune ridges behind foredunes at the centres of these bays. 1 ridge has been formed so far in Pokrovskaya Bay and 3 in Okunyovskaya Bay (Fig. 7b) . Beaches are narrower on the capes: 33 m on Cape Okunyovsky and 12 m on Cape Peschaniy. The beach narrows down to 25-33 m at the 5 km abrasion stretch from Cape Bakalinskiy to Cape Taran (Donskaya Bay) and to 8 m at Cape Bakalinskiy and Cape Taran (Fig. 8a) . Coastal abrasion did not stop here even during massive pulp dumping from the amber factory, which is due to the predominance of along-shore sediment transport to the south, towards Baltiysk (Ostrowski et al 2012, Chubarenko and Babakov 2016) . The sand partially transferred to the north is caught by a canyon at the center of Donskaya Bay and carried to the base of the underwater abrasion cliff (Orlenok et al 2004 ) (see Fig. 1 ).
With regard to Cape Taran, the abrasion of the coast from the west was stopped by a boulder-block wall built in 1906. Subsequently, the wall was destroyed by storms, but a boulder-block berm was formed of its material on the beach, which has effectively protected the coast from erosion from the west. However, the coast continues to be eroded east of this berm. The width of the beach here does not exceed 10-15 m, occasionally 8 m (Fig. 8b) . Landslide and scree processes on the north coast are also facilitated by several horizons of groundwater outflow located above the sea level.
North Coast
The abrasion north coast of Sambia, 37 km long, originates from Cape Taran and ends at the eastern edge of Zelenogradsk. The cliff is actively destroyed in unprotected areas (Fig. 9a) , and although wave erosion is weaker in areas with coastal protection permeable walls and gabions, soil blocks continue to slide because of the existing layers of impermeable clays and groundwater outflow. The gabions, a new type of passive coastal protection, proved to be ineffective, because they are quickly destroyed and cannot hold the beach (Fig. 9b) . The permeable concrete walls under the promenades and especially continuous vertical breakwater walls are also ineffective. The width of the beach near capes Taran, Kupalniy, Gvardeyskiy, and the foreland of Otradnoye and near the coastal protection walls and gabions (Primorye-Pionerskiy, Zelenogradsk) rarely exceeds 10-15 m. At certain points, the beach has been completely eroded and consists mainly of gravel-pebble material with inclusions of boulders. Abrasion actively continues from Cape Gvardeyskiy to the Aleyka River. It is facilitated by the high percentage of sand fraction in coastal sediments (Boynagryan 1969 , Ryabkova 1987 . The beach expands to 20-35 m at the centres of concavities (Filino, Svetlogorsk, Zelenogradsk), in the lee zone of the piers of the Pionerskiy port, and at the mouth of the Zabava and Aleyka rivers, in summer time occasionally up to 45-50 m.
There is a stable coast of 5 km east of the Aleyka River, with a wide beach (30-40 m) and a foredune covering a low sea cliff. Traces of autumn-winter storms undermining its slope can be found. The stable state of the beach is favored by a groin system, as well as by the existing more extensive sand lens with an area of about 7 km 2 at depths of over 20 m, which have sand reserves of about 8 million tons (Blazhchishin 1974, Orlenok and Lindin 1993) . The abrasion cliffs of the underwater slope in this area are gentle, so sandy material from the relict massif is partially involved in transverse migrations during periods of extreme storms, thus nourishing the beach. The sandy beach in the range of 30-40 m is quite stable here throughout the year. However, in the lee zone of the groin system in Zelenogradsk, the coast is actively eroded. A concrete surround structure situated here supports the coastal slope, but the beach used to be completely eroded. It was only after the construction of a new groin system in early 2017 that the beach quickly recovered.
Morphodynamics of the Coast of the Sambian Peninsula
West Coast
Prior to active human intervention in coastal processes, the west coast was equally exposed to abrasion as the north one. According to studies by German scientists, until the early 20 th century, coastal retreat rates for the west and north coasts were approximately equal, ranging from 0.1 to 0.8 m/year. On the west coast, it was maximum from Donskaya Bay to Cape Peschaniy (−0.5-0.85 m/year), but the coast was stabilized in the south (Ryabkova 1987 ). Similar abrasion rates were observed from the beginning of the formation of the Baltic Sea coast, starting from the first stage of the Littorina transgression. The ancient coastal cliff formed back then has been removed from today's coast by 3.2-4.5 km, (Boynagryan 1966 , Blazhchishin 1982 , which means that the average annual rate of retreat has been 0.5-0.75 m/year.
In the 20 th century, after open amber mining was initiated in 1914, the dynamic nature of the west coast changed. In the area of pulp discharge from the amber factory (Sinyavino-Yantarny) and up to Baltiysk, abrasion processes were replaced by accumulation, especially after the introduction of a mechanized method of field development in 1958 . Over the 80-year period , the coast advanced in different areas from 25-50 m to 100 m, and up to 200-400 m at the centres of concavities of Pokrovskoye and Sinyavino. However, abrasion continued, and the coastline retreated by as much as 100 m on capes Okunyovskiy (Obzorniy), Peschaniy, and Bakalinskiy and in Donskaya Bay (up to 1 m/year) (Atlas 2016). At the same time, the north coast retreated steadily: at an average annual rate of 0.2-0.4 m/year in protected areas (capes Taran, Lesnoye-Otradnoye, Kupalniy, and Gvardeyskiy) and 0.4-0.8 m/year in unprotected areas (Filinskaya, Svetlogorskaya, and Pionerskaya bays and from Cape Gvardeyskiy to the Aleyka River). (Atlas 2016, Drobiz and Bobykina 2018) .
In the late 20 th century, the expansion of the west coast of the Sambian Peninsula ceased and was replaced by erosion, which was related to a sharp decrease in the volume of pulp discharge from the amber factory. It is at the sites of pulp discharge, where artificial sandy protrusions of the coast have formed, that the most intensive erosion occurs, reaching 20-40 m/year in 2002 -2010 (Bobykina and Karmanov 2009 , Burnashov et al 2010b , Burnashov 2011b . As the coastline evened out, the rate of abrasion decreased (Fig. 10) . Erosion affected the beaches of Pokrovskaya and Okunyovskaya bays (up to 2.0-2.5 m/year), but the southern 10 km stretch (from Tankitino to Baltiysk) remains stable Karmanov 2009, Burnashov 2011a) (Fig. 11 ). Coastal retreat rates in Donskaya Bay averaged 0.4-0.6 m/year in the 1970s and 1980s, with a maximum of 1.2 m/year (Ryabkova 1987) . A survey in August 2018 confirmed an ongoing intensive abrasion of the cliff (see Fig. 8a ).
North Coast
The north coast, as well as the west coast, has been retreating since the early Littorina transgression at an average rate of 0.5-0.75 m/year. However, a major part of it was covered by coastal protection structures in the 20th century (Lashchenkov 1987) . Coastal abrasion in these areas (Lesnoye-Otradnoye, Svetlogorsk and the lee zone of Pionerskaya Bay, Zelenogradsk) visibly weakened and averaged 0.2-0.4 m/year over the 80 years (Drobiz and Bobykina 2018) . However, unprotected areas (Cape Taran -Filinskaya Bay, centres of Svetlogorskaya and Pionerskaya bays, Cape Gvardeyskiy -Aleyka River) are still actively eroded (Fig. 8b, 9 ) at a rate of 0.4-0.8 m/year (Sheme 1999 , Boldyrev et al 2010 , Boldyrev 1992 . The intensity of present-day abrasion processes, according to the monitoring data of JSC IO RAS for 2002-2012, is generally similar to the long-term annual average, varying in the range from 0 to 0.8 m/year (Bobykina et al 2013) , but the erosion rate increased in the lee zone of Cape Gvardeyskiy to the Aleyka River and at the root of the Curonian Spit, occasionally reaching 1.0-1.5 m/year (Ryabkova 1987 , Burnashov 2011a , b, Boldyrev and Ryabkova 2001 , Drobiz and Bobykina 2018 (Fig. 12) . 
Curonian Spit
The Curonian Spit begins at the eastern edge of Zelenogradsk and stretches to the north in a gentle arc. The total length of the spit is 99 km, and its width ranges from 360 m at km 12 to 3.8 km in the central part (north of Nida). The height of the dunes reaches 63 m near the Lithuanian border (Planeristov Hill). The Curonian Spit, as well as the Vistula Spit, is composed of sand that covered a ridge of moraine remnants in the post-Littorina period (Gudelis 1954) . The source of sand material in the initial period of spit body formation was bottom sediments (Leontyev et al 1985 , Badyukova et al 2006 and afterwards the eroded shores of the Sambian Peninsula (Knaps 1966, Boldyrev and , as well as partially abrasion coasts of Lithuania (Babakov 2003) . Genetically, the Curonian Spit is a coastal bar, and its shores are classified as evened out and accumulative. With regard to the morphodynamic state of the shore, Lithuanian scientists identified abrasive (25 km), quasi-stable (52 km) and accumulative (20 km) areas (Gudelis and Yanukonis 1977) . According to our surveys, the sand foredune along the first 12 km is strongly eroded, especially at km 1, at the spot where water breaks through to the Curonian Lagoon and where only the back part of the foredune, not higher than 2 m, has been preserved (Fig. 13a) . Before the village of Lesnoy, eroded sections of the foredune with outcrops of moraine and peat remnants (Ryabkova 1987 ) alternate with non-eroded ones, so the height varies widely, from 2-3 m to 8-10 m. North of the village of Lesnoy, the foredune height is stabilized within 8-11 m. The first aeolian pillows appear, starting from km 16. At the same time, the extent and intensity of the local undermining of the foredune decrease; a ridge or occasionally two ridges are formed on the underwater slopes (Burnashov 2011a) .
However, the coast is still unstable before the village of Rybachiy (32 km), and the foredune is dissected by a multitude of deflation basins. During the period from 2007 to 2014, there was a 1.5-fold increase in the number of deflation basins: from 213 to 333. The reason for such a degradation of the foredune is the increase in the number of tourists from 4000 in 2007 to 10400 in 2014 (Burnashov and Karmanov 2016b) .
Starting from km 32, aeolian sand pillows at the base of the foredune become more extensive, massive, and completely covered with vegetation; a young foredune is occasionally formed, which is an indicator of a stable coast and prevailing accumulative processes (Fig. 13b) .
Thus, the foredune is constantly eroded along the first 12 km of the spit, it is periodically eroded and actively scattered up to km 32, and further north it is already quite stable, but shows traces of being undermined by winter storms. At the same time, the height of the foredune increases from 5-8 m in the initial 12 km stretch to 8-11 m in its middle section. On the Lithuanian side, its height increases up to 12-15 m.
The beach in the root and middle sections of the spit is predominantly single--sloped, with a concave profile. A double-sloped beach is only typical of the distal part of the spit (from Juodkrante to Kopgalis). The relief of the beach is characterized by cusps of different size, erosion sea cliffs and a beach ridge (Ryabkova 1987) . A survey of 2018 showed that, along with the cusps, the coastline suffered wave action, with wave length of 2-3 km. Similar variations in the height of the beach are seen in the back section.
In the initial 12-km stretch, the beach width varies from 20 to 35 m, and occasionally from 15 to 20 m. It ranges from 30 m to 45 m in the next 15 km stretch and from 30 m to 55 m in the final stretch from km 27 to the border.
The beach height varies between 1.5 m and 3 m before the village of Rybachiy (km 32) and from 2.5 m to 3 m further north. In general, the beach width and height tend to increase as one moves northwards away from the spit root.
Since the post-Littorina sea regression, the coast of the Curonian Spit has migrated towards the bedrock coast by 2.5-3 km (Gudelis 1976 , Boynagryan 1969 , that is, by 0.4-0.5 m/year. Cartographic analysis for the period of 1934-2015 shows high rates of coastline migration in the initial 12 km stretch, reaching 0.7-4.0 m/year. However, north of the village of Lesnoy, both coastal advance and retreat could be observed, ranging from −0.1 to +0.2 m/year in the stretch from Lesnoy (km 16) to Rybachiy (km 32) and from −1.2 to +0.2 m/year in the stretch from Rybachy to Morskoye (km 49) (see Table 2 ) (Drobiz and Bobykina 2018) .
A similar cartographic analysis of the dynamics of the entire coast of the Curonian Spit for the 70-year period from 1910 to 1979 revealed similar results (Kazakavichus 1990) . It showed that the coastline of the Curonian Spit retreated by 62 m (1 m/year) in the 10 km root stretch and advanced by as much as 65 m (0.5-1.0 m/year) in the northern accumulative section from Juodkrante to the spit tip. At the same time, an alternation of abrasion and accumulation processes was observed in the transition intermediate section: shore cusps contracted by 38-50 m (0.8-1.1 m/year), and concavities were filled with sediments and advanced by 38-55 m (1.1-1.2 m/year). A similar process of coastline smoothing is currently observed in the area of pulp discharge from the amber factory.
The monitoring carried out by AB IO RAS and BBZ from 2002 to 2012 confirmed a tendency towards erosion and retreat (up to 1.3-1.6 m/year) in the root part of the Curonian Spit (km 1-km 12), with a maximum abrasion rate at km 1. However, high rates of abrasion alternated with stable areas north of the village of Lesnoy. Abrasion prevailed up to the village of Rybachiy, but then accumulation processes took over, resulting in an average rate of advance of 0.4 m/year (Fig. 14) . A similar, weakening tendency towards erosion from km 27 to km 33 of the spit and prevailing accumula- 1970 -rev et al RAS-BBZ 2002 -2015 (1934 -2015 section (1842 1980 2000 -2010 (Bobykina Drobiz and 1920 ) (1974 -Boldyrev (1961 -(Burnashov et al 2009 , Bobykina (Ryabkova 1985 1978 ) 2011a , b) 2013 , 2018 -maximum at the Cape Gvardejskiy tive processes in the Rybachiy-Morskoye section (km 33-km 46) had been previously revealed by Lithuanian scientists (Gudelis and Yanukonis 1977) .
In comparison with the cartographic analysis, present-day monitoring showed a more intensive abrasion not only in the root section (up to −1.5 m/year), but also in the transition abrasion-accumulative section (from Lesnoy to Rybachiy), where it accelerated from 0.4 m/year to 1.7 m/year. North of Rybachiy, the monitoring results indicated a contrary tendency for abrasion to weaken and a certain increase in accu- mulation, as opposed to sustained abrasion revealed by the cartographic data (Drobiz and Bobykina 2018) . This discrepancy can be explained by the recently increased abrasion rate in the southern part of the spit. One final comment is that coastal erosion during stormy periods enormously exceeds long-term average annual values (Bobykina and Stont 2015) . For example, an extreme winter storm of 1983 washed away 20 m of the beach north of Baltiysk, 30 m in Donskaya Bay, 21-27 m in the Otradnoye-Svetlogorsk section, 15-20 m in the root part of the Curonian Spit, 11-18 m in Lesnoy and Rybachiy, and pulp discharge cones in Yantarny and Sinyavino retreated by 100-120 m. The total amount of coastal material eroded in this storm reached 8.3 million m 3 , which is 20 times as much as the long-term average annual level of coastal abrasion (Boldyrev et al 1990) . Nevertheless, 35-40 m wide beaches serve as an effective protective buffer against wave abrasion, even during heavy storms.
Conclusions
According to the adopted classification, the coast of the Kaliningrad oblast is divided into abrasion-cliff and accumulative-dune categories Yanukonis 1977, Łabuz 2015 ). The review made it possible to clarify this classification and the previous morphological zoning of the Kaliningrad coast (Ostrowski et al 2014) , taking into account its resistance to wave action. Dune and cliff shores are divided into abrasion and stable areas; a stable 6 km dune stretch was identified east of the Aleyka River, as well as 3 abrasion cliffs (Okunyovskiy, Peschaniy, and Zelenogradskiy) (Fig. 15) .
The cliff shores of the Sambian Peninsula used to be eroded along the entire perimeter. However, a massive dumping of overburden rocks from amber deposits into the sea in the early 20 th century led to the formation of wide beaches and a foredune at the base of the cliff on the west coast, which contributed to its stabilization from Tankitino to Bakalino (31 km). In the late 20 th century, after a sharp reduction in the pulp volume, intensive erosion of discharge cones and adjacent beaches resumed. However, over the 80-year period , the coastline advanced at a rate of up to 3.8 m/year in the vicinity of Yantarny, which is a consequence of previous massive Curonian Spit, taking into account dynamics of the coast pulp discharge into the sea . Currently, this coast belongs to the abrasion-accumulative type with a stable foredune and a cliff. The north abrasion coast is represented by active cliffs from Cape Taran to the Aleyka River (28 km). The creation of a network of coastal protection structures weakened erosion processes, but the unfortunate choice of the protection method and a reduction in the natural flow of loose material into the sea resulted in the erosion and narrowing of the beaches.
The increased sediment deficiency on the northern submerged slope affected the state of the dune coast in the root section of the Curonian Spit as well, especially in areas of mass recreation, where the anthropogenic impact on the coast and the foredune is far stronger than the abrasive effect of the waves (Burnashov and Karmanov 2016) .
Therefore, the anthropogenic factor significantly changed the natural dynamics of the abrasion coast of the Sambian Peninsula in the 20 th century: the retreat slowed down in the north, whereas abrasion gave way to accumulation over the greater part of the coast in the west. A stable abrasive-accumulative coast with broad beaches and a foredune on the Vistula Spit (km 0-km 20), the Curonian Spit (km 16-km 49), and the Sambian Peninsula (31 km between Baltiysk and Bakalino, and 6 km between the Aleyka river and Zelenogradsk) is a sequence of alternating accumulative and abrasive stretches, each 0.5-2 km long. There are also larger and more stable abrasion areas on both spits (3 km on the Vistula Spit and 16 km on the Curonian Spit) (see Fig. 15 ). The monitoring results also revealed marked multidirectional interannual dynamics in stable coastal areas (Bobykina et al 2016) . The approximate equality of migrations in opposite directions explains the relative stability of these coasts, with a tendency to retreat over a century-long period. An exception is the west coast protected by the plentiful volume of the pulp discharged into the sea (Atlas 2016).
Abrasion processes generally prevail on the Kaliningrad coast. Stable abrasion can be observed along 55 km or 37.4% of the total length of the coast: south of the piers of Baltiysk (3 km), on Cape Peschaniy and Cape Okunyovskiy, in the area of pulp cones (Yantarny-Sinyavino, 3 km), in Donskaya Bay (5 km), on the north coast, from Cape Taran to the Aleyka River (28 km), and in the root section of the Curonian Spit (km 0-km 16). The length of local erosion stretches in the above-mentioned stable areas of the coast is estimated at 40 km, or 27.2%. In total, 95 km out of 147 km of the coast (64.6%) is subject to erosion. The predominance of accumulative trends can be observed along 52 km (35.4%) of the dune coast, especially north of Baltiysk (10 km) and in a 16 km stretch of the Curonian Spit (Rybachiy-Morskoye). The dune coast covers 90 km (61.2%), whereas 57 km (38.8%) of the coast is accounted for by the cliff coast, where 36 km of cliffs and 20 km of foredunes are actively eroded (see Fig. 15 ).
The rates of coastal retreat in the abrasion stretches vary depending on the degree of protection and protection methods. The protected areas of the north coast retreat at a rate of 0.1-0.3 m/year, and open areas at a rate of 0.3-0.5 m/year, with a maximum of 0.8-1.0 m/year east of Cape Gvardeyskiy. The coastal retreat rate reaches 1.7-2.5 m/year in areas of maximum erosion at the tip of the Vistula Spit and in the root section of the Curonian Spit, locally up to 2.5-5.4 m/year in the area of pulp cones between Yantarny and Sinyavino (as much as 20 m/year in certain years) ( Table 2 ). The relatively stable coast of the Vistula Spit and the northern part of the Curonian Spit, as well as the area east of the Aleyka River, despite the large range of migrations in both directions, has been retreating at a rate of 0.2-0.3 m/year over many years. On the other hand, the coastline to the north of Baltiysk and to the north of Rybachiy occasionally advances by 0.9-1.0 m/year and 0.4 m/year, respectively (see Table 2 ).
The results of the cartographic analysis of the Kaliningrad coast provide evidence of an insignificant long-term retreat of the coastline of the Vistula Spit up to km 20, with noticeable erosion from km 13 to km 18 and near the strait (km 20-km 25). This analysis also reveals an advance of the western coastline be-tween Baltiysk and Cape Bakalinskiy (31 km), especially near Baltiysk and between Yantarny and Sinyavino, coast erosion from Cape Bakalinskiy to Cape Taran (5 km) and further to the Aleyka River (28 km), a stable condition between the Aleyka River and Zelenogradsk (6 km), active erosion of the foredune of the Curonian Spit from km 0 to km 16, and a less significant overall retreat along the rest of the spit (Atlas 2016, Drobiz and Bobykina 2018) .
